Cesium iodide (CsI) is an important scintillation material and it is widely used in high-energy physics experiments, medical imaging, security inspection and other fields as a key irradiation sensor. The detection efficiency of CsI depends on its electronic structure and optical properties. High pressure and doping are the two most commonly used methods which can regulate and control the electronic structure and optical properties of an ionic crystal material. In this paper, we investigated the effects of high pressure on the electronic structure and optical properties of a CsI crystal through a first-principles calculation method based on density functional theory, and the exchange and correlation functions among electrons were described using the revised Perdew-Burke-Ernzerhof generalized gradient approximation. The band gap of a CsI single crystal decreases with an increase in pressure; every part of the valence band becomes wider and wider, the conduction band moves in the direction of decreasing energy; the atomic charge transfers from Cs atoms to I atoms in CsI when the external high pressure is less than 15 GPa, on the contrary, the atomic charge transfers from I atoms to Cs atoms in CsI when the high pressure is greater than 15 GPa; a redshift occurs in the optical properties of a CsI single crystal under high pressure. Our prediction in this paper might be useful for enhancing the detection efficiency of CsI scintillators.
Introduction
With the development of modern science and technology as well as the improvement of people's living standards, scintillation materials are used more and more widely in daily life and scientic research. Scintillation materials play an important role in high-energy physics, astrophysics, nuclear physics, oil exploration, medical imaging, security inspection and other elds and they can convert high-energy rays, such as X-rays and g-rays, to ultraviolet and visible light. As a scintillation material, CsI crystals are widely used in high-energy physics experiments, security inspection, medical imaging and other elds due to their excellent properties, such as short decay time, good irradiation damage resistance and strong earthquake and thermal shock resistance. The regulation and control of the electronic structure and optical properties of CsI is very important for improving its detection efficiency, so the research on these two important aspects has never stopped.
There are a lot of good pieces of research about CsI crystals which have been reported in recent years, including some good experimental studies. According to the working principle of scintillation detectors such as CsI, the detection efficiency of CsI depends on its electronic structure and optical properties, and high pressure is one of the most commonly used methods which can regulate and control the electronic structure and optical properties of CsI. Therefore, many researchers have studied the effects of high pressure on the structural phase and electronic structure of CsI and similar compounds by experiment. For example, Knittle 1 and Wang 2 found that a structural phase transition from a simple cubic phase to a tetragonal phase happened in CsI under a high pressure of about 53 GPa through experimental XRD measurements. Makarenko's 3 work showed that a redshi occurred in the optical absorption edge of CsI crystals under a pressure of up to 60 GPa. Mao 4 and Eremets 5 found that the metallization of CsI crystals happens at a pressure of 115 GPa. Gaumé's 6 research showed that high pressure can enhance the detection of CsI crystals in a high energy range.
With the rapid development of computer technology, the rst-principles calculation method is widely used in the research of new kinds of scintillation material. Using the rst-principles calculation method, Li 7 investigated the electronic structure and optical properties of LaBr 3 crystals. Ribeiro 8 studied the elastic properties and electronic structure of CsI and its surface. Kurosaki 9,10 calculated the potential curves for the ground and low-lying excited states of CsI. Liu 11 studied the optical properties of CsI crystals with a pair of Cs and I vacancies. Ying 12 found that the perfect CsI crystal does not exhibit an absorption band in the visible and near-ultraviolet range while the CsI crystal containing a Cs vacancy exhibits two additional absorption bands which peak at about 2.10 and 3.00 eV. As for the effects of high pressure on the crystal structure, electronic structure and optical properties of CsI and similar compounds, Nardelli 13 found that the cubic-to-tetragonal transition happens at the high-pressure of 44 GPa and 58 GPa for CsI and cesium bromide (CsBr) crystals, respectively. Wei's 14 research showed that the high-pressure transition phase order is pm 3m / pmma / pbam for cesium chloride (CsCl), pm 3m / pmma for CsBr crystals, and a metallization that was caused by high pressure happened in CsCl and CsBr. Ullah 15 found that the band gap of CsCl decreases with an increase in pressure, and its electronic nature changed from the insulating to metallic at 507 GPa. Baghmar 16 found that the structure of CsI undergoes a transition from CsCl (B 2 ) to tetragonal (B T ) and from tetragonal (B T ) to orthorhombic (B O ) at high pressure. Xu's 17 study showed that the structure phase of the CsI crystal will transfer from the pm 3m structure to Pmna at 39.5 GPa. Although many good pieces of research into the CsI crystal have been completed, as far as we know, a theoretical study of the effects of high pressure on the electronic structure and optical properties of a CsI single crystal is still lacking.
In our past pieces of research, we explored the effects of doping and other inherent defects on the electronic structure and optical properties of CsI 18 and ZnS. 19 Based on the previous works from other researchers, the main work in this paper is the investigation of the effects of high pressure on the electronic structure and optical properties of CsI. We hope our work might shed some light on the development of CsI as an important scintillation material.
Computational method
A CsI single crystal has a simple cubic structure, its structure is similar to that of the CsCl single crystal, and its space group is Pm3m (221). The CsI supercell that we used here consists of 27 Cs atoms and 27 I atoms, and the Cs atom centered in a CsI cell with the I atoms at the corner of the cubic cell. In order to investigate the effects of high pressure on the electronic structure and optical properties of CsI, we applied a series of different equivalent hydrostatic pressures (5, 10, 15, 20 and 25 GPa) on the CsI supercell.
Using the rst-principles calculation method based on density functional theory (DFT), as implemented in the Cambridge serial total energy packages (CASTEP), 20 we investigated the electronic structure and optical properties of the CsI crystal under different high pressures. In the crystal periodic potential eld, the multi-electron system is expressed by the plane wave function through the three-dimensional periodic boundary condition, in order to reduce the number of plane wave bases and the CASTEP soware package uses the ultraso pseudopotential to describe the interaction between ions and electrons. The valence-electron congurations of Cs and I atoms are 5s 2 5p
6 6s 1 and 5s 2 5p 5 , respectively. In reciprocal space, the plane wave cutoff energy was set to 340 eV and the exchange and correlation functions among electrons were described by the revised Perdew-Burke-Ernzerhof (RPBE) 21 generalized gradient approximation (GGA). The structure optimization was conducted using the Broyden-Fletcher-Goldfarb-Shanno minimization, modied to take into account the total energy as well as the gradients. The self-consistent eld (SCF) tolerance was set to 1.0 Â 10 À6 eV per atom. The K-point mesh was set to 5 Â 5 Â 5
for the electronic structure calculation and optical properties calculation. Optimal atomic positions were determined until satisfying the following conditions: (1) the maximal force on them was less than 0.03 eV A À1 ; (2) the maximal change of energy per atom was less than 1.0 Â 10 À5 eV; (3) the maximal displacement was less than 5.0 Â 10 À4 A; (4) the maximal stress in the supercell was less than 0.02 GPa. All calculations were performed on the basis of the optimized lattice structure. The optical properties of CsI are determined by the frequency-dependent dielectric function 3(u) ¼ 3(u) + i3 2 (u) that mainly connected with the electronic structures. The imaginary part 3 2 (u) of the dielectric function 3(u) is calculated from the momentum matrix elements between the occupied and unoccupied states with the selection rules. The real part 3 1 (u) of the dielectric function 3(u) can be derived from the imaginary part 3 2 (u) using the Kramers-Kronig 22 dispersion equation. All other optical constants, such as the absorption spectrum, refractive index and reectivity, can be derived from 3 1 (u) and 3 2 (u).
Results and discussion

Structure determination
Before we investigated the effects of high pressure on the electronic structure and optical properties of CsI, we optimized the geometrical structure of the CsI crystal, and the crystal structure was optimized by force and energy minimization. In the process of optimization, all atoms were moved towards their equilibrium positions. Fig. 1 shows the lattice parameters (aer geometrical optimization) and density of CsI under a series of different high pressures, and our results for the lattice constant and density of the CsI crystal at 0 GPa are in good agreement with the results in Nardelli's 13 research and the values in the Fig. 1 The lattice constant and density of a CsI cell under high pressure.
CRC handbook. 23 The lattice constant of the CsI cell decreases with the increase of the equivalent hydrostatic pressure, while the density of the CsI crystal increases with the equivalent hydrostatic pressure increasing. The reason for these results is that the interaction between atoms in the CsI crystal has changed under the high pressure, as the high pressure makes the bond length between Cs atoms and I atoms become shorter than that of CsI at 0 GPa. This change of lattice constant is bound to change the electronic structure and optical properties of a CsI single crystal, so we calculated the electronic structure and optical properties of the CsI crystal under high pressure aer the geometrical structure of CsI had been optimized.
Electronic structure
Aer optimizing the crystal structure of the CsI single crystal under different high pressures, we calculated the electronic structure of the CsI crystal under a series of different high pressures. Fig. 2 shows the band structure of the CsI single crystal under different high pressures. The band gap of the CsI crystal with 0 pressure is 4.108 eV, and our result is a little bigger than that of other theoretical results 8, 11, 24, 25 due to the different exchange and correlation functions which have been used, but our result is closer to the experimental results
26-28
when compared with their theoretical results. However, we still underestimate the band gap of the CsI crystal as compared to the experimental values. The DFT calculation always underestimates the band gap due to the LDA and GGA can not fully describe the exchange and correlation potentials among electrons as in the real system, but it has no remarkable effect on our research conclusions. The valence band of CsI consists of four parts, a high energy region (near the Fermi level), two medium energy regions (near À7 eV and À11 eV) and a low energy region (near À20 eV), and there is only one region in the conduction band of CsI. As the high pressure increases, the band gap of the CsI single crystal becomes smaller and smaller. This result is in agreement with the result in Xu's 17 research that high pressure can reduce the band gap of the CsI crystal. The luminescence spectrum of CsI is closely associated with its band structure, and comes from the de-excitation aer the electrons that are in the CsI crystal are excited by X-rays or grays. When electrons get enough energy from the rays, they can transit from the valence band to the conduction band and at the same time holes are produced in the valence band. When the excited electrons move back from the conduction band to the valence band, photons, whose energy is equal to the band gap, are produced. When a high pressure is put on the CsI crystal, the CsI crystal will produce more scintillation uorescence photons (when it is exposed to the same amount of X-rays or grays radiation) than that of CsI at 0 GPa. As we discussed above, high pressure can improve the detection performance of the CsI crystal, because the high pressure makes the crystal produce more visible photons than that of CsI at 0 GPa when it is exposed to the ray radiation, and the best response energy of the photomultiplier is in the visible light range. Fig. 3-5 show the total density of states (TDOS) of the CsI crystal under different high pressures, and the partial density of states (PDOS) of Cs atoms and I atoms, respectively. The TDOS of the CsI crystal is in good agreement with the band structure of CsI. In the valence band, the high energy region is formed by the 5p orbit of the I atoms, the medium energy regions are formed by the 5p orbit of the Cs atoms and the 5s orbit of the I atoms, and the low energy region is formed by the 5s orbit of the Cs atoms. The conduction band of CsI is formed by the 6s and 5p orbit of the Cs atoms and the 5s orbit of the I atoms. As the high pressure increases, the peaks in the TDOS and PDOS of CsI are broadening, and all the peaks move in the direction of decreasing energy. The peak values in the high energy region, medium energy regions (in the valence band) and the conduction band region decrease as the high pressure increases, but the peak value in the low energy region in the valence band increases with the increase of the high pressure.
We also investigated the effects of different high pressures on the atomic charge in the CsI single crystal, which is a good method to understand bonding behavior in a CsI crystal. The atomic charge results are shown in Fig. 6 . The charge transfer from a Cs atom to an I atom is about 0.8 electrons and we concluded that the bonding behavior of CsI (at 0 GPa) is a combination of covalent and ionic nature. The result is consistent with our DOS calculation. The total atomic charge of an I atom is negative when the high pressure is less than 15 GPa, and the total atomic charge of an I atom is positive when the high pressure is greater than 15 GPa. By contrast, the atomic charge of a Cs atom is positive when the high pressure is less than 15 GPa, and the atomic charge of a Cs atom is negative when the high pressure is greater than 15 GPa. This result means that there is a charge transfer from a Cs atom to an I atom in CsI when the high pressure is less than 15 GPa, and that a charge transfer from an I atom to a Cs atom happens in CsI when the high pressure is greater than 15 GPa. Our result is in agreement with the result of Xu et al, 17 that high pressure results in the peculiar reverse electron donation from I atoms to Cs atoms in a CsI crystal.
Optical properties
Based on the electronic structure, the dielectric function of CsI under different high pressures was calculated, and 3 1 (u) and 3 2 (u) as a function of the photon energy are shown in Fig. 7 . We can see from Fig. 7(a) that the intersection of the real part 3 1 (u) and vertical axis (at no external pressure) is about 1.3, this means that the static dielectric constant of the CsI crystal is about 1.3, and the static dielectric constant of the CsI crystal increases with the increase in external high pressure. In Fig. 7(b) , there are two distinct peaks in the imaginary part of the dielectric function, the two peaks are at 6 and 12 eV. The rst peak originates from the electron transition between the 5p orbit (in the valence band) of an I atom and the 6s orbit (in the conduction band) of a Cs atom, the second peak originates from electron transition between the 5p orbit and the 6s orbit of a Cs atom. When high pressure is applied to the CsI single crystal, the change to the rst peak value is very weak, and while the second peak value becomes bigger and bigger, both peaks are redshied. The reason for this result is that the band gap of CsI decreases with the increase of high pressure and the transition from the valence band to the conduction band needs less energy, so the redshi happens. Fig. 8 shows the absorption spectrum of the CsI single crystal under different high pressures, and the results are identical to the imaginary part of the dielectric function of CsI. There are two peaks in the absorption spectrum of CsI, they are at 6 and 12 eV. The effect of high pressure on the rst peak value is very weak, but the effect on the second peak is very obvious, it enhances the absorption of ultraviolet light by the CsI single crystal and this is useful for improving the detection efficiency of CsI crystals. The reason is that the band structure of the CsI crystal changes when a high pressure is put on it. The two peaks are expanded by the high pressure and both peaks are redshied. The result is consistent with the conclusion from Makarenko.
3 It is worth noting that CsI crystals are transparent to visible light (1.62-3.11 eV). Fig. 9 shows the relationship between the refractive index of CsI and the energy of the photons under different high pressures. The static refractive index of the CsI single crystal is about 1.13 and the refractive index of CsI reaches its peak value of 1.4 when the photon's energy is equal to 4 eV. The refractive index of CsI increases with the increase in high pressure, and the static refractive index of CsI is 1.28 when the external high pressure is 25 GPa. The peak value increases as the high pressure increases, and both peaks move in the direction of decreasing energy. When the energy of the photon is bigger than 15 eV, the refractive index of the CsI crystal tends to be a constant value of 0.96.
The reectivity of the CsI crystal under different high pressures is shown in Fig. 10 , and there are two peaks (at 6 and 12 eV) in the reectivity of the CsI single crystal. The rst peak broadens with the increase in external high pressure and the reection of the CsI crystal on the low-energy photons has been enhanced by the external high pressure, this is useful for improving the ray detection efficiency of CsI crystals. The second peak value (at 12 eV) increases with the increase in external pressure, and the peak is broadening. When the energy of the photon is bigger than 15 eV, the reectivity of CsI tends to zero. Fig. 11 shows the energy loss spectroscopy of CsI and it describes the energy loss when the photoelectrons go through a uniform dielectric. Its peak describes the resonant frequency of plasma, which corresponds to the sharp decrease in the reectivity. It can be seen in Fig. 11 that there are two peaks in the loss function of the CsI crystal at no external pressure, and the two peaks are at 7 and 13 eV. The effect of high pressure on the rst peak is very weak. As the external high pressure increases, the increase in the second peak value is very obvious, and a redshi occurs. The reason for this is that the inter-band transition in the CsI crystal under high pressure conditions becomes more active than that of the CsI crystal at 0 pressure.
From these results, we can see that high pressure can regulate and control the electronic structure and optical properties of a CsI scintillator very well and these changes will result in the 
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CsI scintillator producing more visible photons at high pressure than that of the CsI scintillator at 0 GPa. This means that high pressure can enhance the detection efficiency of a CsI scintillator to X-rays and g-rays.
Conclusion
Using a rst-principles calculation method based on DFT, we systematically investigated the crystal structure, electronic structure and optical properties of a CsI single crystal under different high pressures. The results are as follows:
(1) The band gap of the CsI single crystal decreases with the increase in the external high pressure and the CsI crystal (under high pressure) will produce more visible photons compared to the CsI crystal at 0 GPa.
(2) Every part of the valence band becomes wider and wider as the high pressure increases and the peak values in the highenergy region, medium-energy region (in the valence band) and the conduction band decrease with the increase in high pressure. Every part, both the valence band and conduction band, moves in the direction of decreasing energy.
(3) There are two peaks in the optical parameters (such as the imaginary part of the dielectric function, absorption spectrum, refractive index, reectivity and loss function) of the CsI crystal. For the imaginary part of the dielectric function, absorption spectrum and loss function, the effects of high pressure on the rst peak value are very weak and on the second peak value they are more obvious. For the real part of the dielectric function, refractive index and reectivity, the high pressure has an obvious effect on the rst and second peak values. A redshi happens in all of these optical parameters.
All of these results indicate that the high pressure has an obvious effect on the electronic structure and optical properties of the CsI single crystal, and we can conclude that high pressure can improve the detection efficiency of CsI scintillators to X-rays and g-rays. Our prediction in this paper might provide a new way to improve the detection performance of CsI scintillators.
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